Background After a decade of war in Iraq and Afghanistan, we have observed an increase in combat-related injury survival and a paradoxical increase in injury severity, mainly because of the effects of blasts. These severe injuries have a devastating effect on each patient's immune system resulting in massive upregulation of the systemic inflammatory response. By examining inflammatory mediators, preliminary data suggest that it may be possible to correlate complications such as wound failure and heterotopic ossification (HO) with distinct systemic and local inflammatory profiles, but this is a relatively new topic. Questions/purposes We asked whether systemic or local markers of inflammation could be used as an objective means, independent of demographic and subjective factors, to estimate the likelihood of (1) HO and/or (2) wound failure (defined as wounds requiring surgical débridement after definitive closure, or wounds that were not closed or covered within 21 days of injury) in patients sustaining combat wounds. Methods Two hundred combat wounded active-duty service members who sustained high-energy extremity
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injuries were prospectively enrolled between 2008 and 2012. Of these 200 patients, 189 had adequate followups to determine the presence or absence of HO, and 191 had adequate followups to determine the presence or absence of wound failure. In addition to injury-specific and demographic data, we quantified 24 cytokines and chemokines during each débridement. Patients were followed clinically for 6 weeks, and radiographs were obtained 3 months after definitive wound closure. Associations were investigated between these markers and wound failure or HO, while controlling for known confounders.
Results The presence of an amputation (p \ 0.001; odds ratio [OR], 6.1; 95% CI. 1.63-27.2), Injury Severity Score (p = 0.002; OR, 33.2; 95% CI, 4.2-413), wound surface area (p = 0.001; OR, 1.01; 95% CI, 1.002-1.009), serum interleukin (IL)-3 (p = 0.002; OR, 2.41; 95% CI, 1.5-4.5), serum IL-12p70 (p = 0.01; OR, 0.49; 95% CI, 0.27-0.81), effluent IL-3 (p = 0.02; OR, 1.75; 95% CI, 1.2-2.9), and effluent IL-13 (p = 0.006; OR, 0.67; 95% CI, 0.50-0.87) were independently associated with HO formation. Injury Severity Score (p = 0.05; OR, 18; 95% CI, 5.1-87), wound surface area (p = 0.05; OR, 28.7; 95% CI, 1.5-1250), serum procalcitonin ([ProCT] (p = 0.03; OR, 1596; 95% CI, 5.1-1,758,613) and effluent IL-6 (p = 0.02; OR, 83; 95% CI, 2.5-5820) were independently associated with wound failure.
Introduction
Injuries sustained during combat operations are usually the result of high-energy mechanisms including high-velocity gunshot wounds, but even more commonly, they are the result of blasts [2] . Blast wounds are devastating. They often produce severe open fractures and/or traumatic amputations and often are contaminated with foreign material. Zones of injury are massive and evolve slowly with time. Treating surgeons rely on negative-pressure wound therapy and serial débridements to remove devitalized tissue, deliver local antibiotics, and determine whether the wound is ready for closure or flap coverage.
The manner in which surgeons assess combat wounds has not changed substantively during the last century [1, 13, 18, 20] . We are taught, when débriding muscle, to look for color, consistency, contractility when stimulated, and the capacity to bleed when incised. Wounds that meet all criteria of these ''four Cs'', and lack signs of infection, are deemed ready for closure or coverage. Although subjective and somewhat controversial [1] , this technique is successful in the majority of cases, and our rate of wound failure during the last decade of war has been reported to be between 17% and 26% [6, 7, 11, 25] . Although some would argue that an ''80% solution'' is acceptable given the severe nature of these injuries, the cost of wound failure, whether pursuing limb salvage or attempting to salvage a functional amputation level, is unquestionably high [10, 22, 23] .
The timing of closure is tied to another frequent complication that emerged in this patient population. Heterotopic ossification (HO) complicates the majority of combat wounds [9, 16] but is more common in wounds that fail after attempted closure [6, 7] , particularly in the residual limbs of amputees [15, 22] . During the débridement process, wounds become progressively less compliant with time as fibrosis and ectopic mineralization progress. This effect hinders efforts to fashion and mobilize local soft tissue flaps necessary for most functional amputation levels or for adequate coverage of open fractures or exposed neurovascular structures [21, 24] . Surgeons strive to close wounds as soon as possible, but often struggle with the timing, lest it be too early or too late. As such, there is considerable interest among surgeons who treat blast wounds in developing more objective ways of assessing not only the wounds, but each patient's physiologic response to injury.
The massive physiologic insult caused by blast wounds produces a severe and poorly regulated systemic inflammatory response [8, 11] . By measuring mediators of systemic and local inflammation, preliminary data suggest it may be possible to risk-stratify patients for HO and wound failure during the débridement process [6, 8, 11, 25] . This would allow surgeons to base decisions regarding whether to give HO prophylaxis and the timing of wound closure on objective rather than subjective data if the relationships between these mediators and outcomes of interest could be modeled.
With this in mind, we asked whether systemic or local markers of inflammation could be used during the débridement process to estimate the likelihood of (1) HO and/or (2) wound failure in patients sustaining combat-related injuries.
Patients and Methods
This study was approved by the institutional review boards at the Walter Reed National Military Medical Center and the Naval Medical Research Center. Only patients who sustained high-energy penetrating extremity wounds larger than 75 cm 2 treated with negative-pressure wound therapy were eligible for enrollment. Third-party consent was obtained in some cases, from the patient's legally authorized representative. Patients enrolled by this method were given the opportunity to withdraw from or continue study participation once he or she regained consciousness and competency to make his or her own medical decisions.
Between March 31, 2008 and October 27, 2012, we screened 435 patients with combat-wounds who were evacuated to our center. Of these, 200 met inclusion criteria. Informed consent was obtained from each. None of the potential enrollees declined to participate. This resulted in a series of 200 patients, of whom 189 (95%) had complete followup data to determine HO formation at 3 months after definitive wound closure and 191 (96%) had complete followup data to determine wound healing at 6 weeks after definitive wound closure. Because informed consent was obtained before surgical intervention, the exact wound dimensions under the negative-pressure wound therapy device could not be determined. On examination of wounds during the first débridement, eight wounds (4%) were found to be less than 75 cm 2 and the participants were withdrawn from the study. In addition, one patient (\ 1%) requested withdrawal from the study after the first débridement procedure. Two additional patients (1%) were lost to followup after being discharged from the hospital and lacked radiographic and other data.
Demographic and injury-specific data were gathered from several sources, including the Armed Forces Health Longitudinal Technology Application, which is the electronic medical record and coding system for the Military Health System; the Joint Theater Trauma Registry that contains medical treatment information for soldiers injured in combat operations abroad, and our institution's Surgical Scheduling System. The following demographic data were collected: age, sex, mechanism of injury, Injury Severity Score, number of surgical débridements, wound location, amputation level (if applicable), wound size, associated vascular injury, and wound closure method. None of the patients received primary prophylaxis for HO, which was in keeping with our institution's practice regarding the treatment of acute combat-related extremity injuries.
Sample Collection
Because not all patients arrived with negative-pressure wound therapy, wound effluent was collected 2 hours after the first débridement performed at our institution and 12 hours before each subsequent débridement procedure using a gel-free negative-pressure wound canister (Kinetic Concepts Inc [KCI 1 ], San Antonio, TX, USA). Wound effluent was processed in a manner previously described [6] . During each débridement procedure, serum was collected from a peripheral vein, placed in a red-topped serum BD Vacutainer 1 (BD Corp, Franklin Lakes, NJ, USA), and processed in a manner previously described [6] . All samples were flash-frozen in liquid nitrogen and stored at À80°F until analysis. Photographs were taken of each wound for documentation and surface area measurements using Pict-Zar 1 planimetry software planimetry software (BioVisual Technologies LLC, Elmwood Park, NJ, USA). During each débridement procedure, the surgeon's subjective assessment of the wound was obtained, categorized as not ready for closure indicating that the wound lacked one or more of the four Cs or showed frank purulence, or ready for closure, indicating that all four Cs were present.
Cytokine and Chemokine Analysis
Serum and effluent were analyzed for 24 inflammatory cytokines and chemokines at the Naval Medical Research Center. We quantified the concentrations of procalcitonin (ProCT); interleukin (IL)-1a, IL-1b, IL-2 through 8, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, and IL-17; interferon (IFN)-a2, IFNg; eotaxin; tumor necrosis factor-a; monocyte chemotactic protein-1; granulocyte-macrophage colony-stimulating factor; monocyte inflammatory protein-1a; and IP-10 using a Beadlyte 1 Human 22-Plex Multi-Cytokine Detection System (Upstate/Millipore, Billerica, MA, USA) according to the manufacturer's instructions. All proteins were measurable in serum and wound effluent in concentrations amenable to the assay techniques used for this study. Each of these inflammatory proteins was observed to vary with time. Subjectively, unique patterns were observed between wounds that formed HO ( Fig. 1 ) and wounds that failed (Fig. 2) .
Clinical and Radiographic Followup
The formation of HO was the primary outcome. To evaluate it, we confirmed the radiographic presence or absence of HO at least 3 months from the time of wound closure on good quality orthogonal plain radiographs. We chose this duration of radiographic followup based on our experience in treating combat-related HO, which is reliably evident by this time [6, 7, 9, 15] . Two of the authors (JAF, EMP) reviewed radiographs after patient enrollment and data collection were complete. HO developed in 92 (48%) of the 189 wounds with at least 3 months of radiographic followup, with complete agreement between the two reviewers.
Wound failure was the secondary outcome, therefore study team members followed patients clinically for 6 weeks. In this time, wounds that required additional débridement procedures (eg, for deep infection or dehiscence) after attempted definitive closure or that were closed more than 21 days after injury were considered failures. Twenty-one days was chosen because it is 2 SDs longer than our institution's historical mean time to closure (10 days) for combat wounds [25] . Using these criteria, 24 (13%) of the 191 wounds failed, and 168 (88%) healed uneventfully.
Descriptive statistics regarding patient's mechanism of injury, overall severity of injury, and fracture-specific variables were collected on the study subjects. Continuous variables are presented as median (interquartile range) and categorical variables as number (%) ( Table 1 ). The distribution of each continuous variable was compared with the normal distribution using the Shapiro-Wilk test. Equality of variance for continuous variables was determined using the Brown-Forsythe and Levene test. Statistical differences between continuous variables versus the bivariate outcome variables (wound status and HO formation) were evaluated using the Mann-Whitney U test and the post hoc Tukey-Kramer assessment. The levels of significance for the demographic and wound-specific data were adjusted using the Bonferroni method and for the proteomic data using the false discovery rate method [14] . Associations between categorical variables were compared using Fisher's exact test or chi-square analysis, depending on the number of expected values in the contingency matrix. After univariate screening of the variables using the methods described, those with p values less than 0.25 were included for the multivariable analysis. Two linear models were developed. The first identified variables associated with HO formation using information from the first débridement while controlling for known confounders. The second identified variables associated with wound dehiscence using information from the final débridement while controlling for known confounders. We used JMP 1 Version 9.0.2 (SAS Institute, Inc, Cary, NC, USA) and R Ó Version 3.0.2 (R Foundation for Statistical Computing, Vienna, Austria) for all statistical estimations.
Results
Using data from the first débridement performed when the patient was in the continental United States, multivariate analysis, observed serum IL-3 (p = 0.002; odds ratio [OR], 2.41; 95% CI, 1.5-4.5), serum IL-12p70 (p = 0.0013; OR, 0.49; 95% CI, 0.27-0.81), effluent IL-3 (p = 0.02; OR, 1.75; 95% CI, 1.2-2.9) and effluent IL-13 (p = 0.006; OR, 0.67; 95% CI, 0.50-0.87) were associated with HO formation while controlling for known confounders, including mechanism of injury (blast), type of injury (amputation), Injury Severity Score, traumatic brain injury, and wound surface area (Table 2 ). Serum IL-12p70 and effluent IL-13 showed inverse relationships (OR, \ 1), in which higher concentrations were associated with less likelihood of HO developing. Using data from the final débridement, the relationships surrounding wound failure were less clear. This is likely attributable to the small number of wounds that failed. Multivariate analysis showed that serum ProCT (p = 0.03; OR, 1596; 95% CI, 5.1-1,758,613) and effluent IL-6 (p = 0.02; OR, 83; 95% CI, 2.5-5820) associated with wound failure while controlling for wound surface area, Injury Severity Score, arterial injury, and the surgeon's assessment ( Table 3 ). As expected, the surgeon's subjective assessment followed a general trend from not ready for closure to ready for closure throughout the débridement process. However, a determination of ready for closure was inversely associated with wound outcome (p = 0.04; OR, 7.6; 95% CI, 1.1-176). Two of 27 (7%) wounds that lacked at least one of the four Cs dehisced compared with 22 of 164 (13%) that exhibited acceptable color and consistency, contractility when stimulated, and the capacity to bleed when sharply incised. 
Discussion
Blast victims are subject to an exaggerated and prolonged systemic inflammatory response that influences the local wound environment. Because each patient's physiologic response to injury varies, it is difficult for surgeons to assess objectively which wounds may be subject to untoward complications like HO or wound failure. We defined the systemic and local inflammatory responses in 191 combat-injured patients in this prospective study. In doing so, we identified patterns of unique inflammatory profiles independently associated with wound dehiscence and the formation of HO at times useful for surgical decisionmaking.
The results of our study must be interpreted in the context of its limitations. Despite the heterogeneous nature of combat-related blast wounds, our patient population is a homogeneous one, consisting of young, previously healthy service members who had sustained high-energy penetrating extremity wounds in combat. In addition, the majority (85%) of these patients sustained blast injuries, which may confound the results. Nevertheless, all patients sustained high-energy trauma requiring intercontinental aeromedical evacuation, multiple débridement surgeries, and negativepressure wound therapy. The results of this study still may not be applicable to less severe injury mechanisms more commonly seen after other types of blunt trauma commonly encountered in the civilian setting. Nevertheless, we believe critically injured patients, whether civilian or military, may exhibit similar inflammatory profiles during the débridement process. To explore this, prospective validation of these results is underway in civilian patients with trauma. Although 35 surgeons were involved in the care of the patients in the current study, two of the authors (JAF, EMP), who reviewed the radiographs, were involved in approximately 1 .
2 of the cases. This may be a source of potential bias; however, we sought to minimize this by analyzing radiographs at the completion of data collection. It is possible that other parameters not collected by the research team, such as wound bioburden [3, 12, 17] may be associated with both outcomes. In addition, the inflammatory patterns observed in patients who have HO form may be evident sooner than was measured in this study, or that primary HO prophylaxis might not be effective at the time at which these samples were collected. Although we obtained samples from the first surgical débridement performed with the patient in the continental United States out of necessity, ongoing studies allow for collection of specimens sooner after injury, before intercontinental aeromedical evacuation. The current study was not designed to assess the clinical or financial implications of wound failure or HO, therefore assigning accurate measures of cost, either to the individual or the institution, is not directly possible using these data. However, the clinical implications of using these or similar data, in real time, to objectively guide surgical decisionmaking may be considerable when one considers clinical morbidity and cost-savings potential of models developed to estimate the likelihood of untoward complications such as wound failure.
Finally, the relationships between inflammatory mediators are highly complex, and vary with time. Although the (13) linear regression methods we used identified independent associates with HO and wound failure, less than 1 . 2 of the variance was explained in either case. Regarding the outcome of wound failure, the CIs of serum ProCT and effluent IL-6 were quite large, owing to instability of the model, which may be attributable to an inadequate sample size. As such, nonlinear methods may be necessary to codify these time-dependent data into coherent models if the goal is to estimate likelihoods of these outcomes in the future.
We observed an association between HO and the patient's inflammatory response to injury. This may be related to the time at which we chose to sample these wounds-the first débridement performed with the patient in the continental United States. However, it is then that we would realistically risk-stratify patients to receive primary prophylaxis for HO. Serum IL-3 is produced by activated T-lymphocytes early during the wound-healing process and stimulates differentiation of pluripotent hematopoietic stem cells down a myeloid lineage and also stimulates mast cell differentiation. Although myeloid hyperplasia has been described in combat related HO [4] , IL-3 is a potent inhibitor of osteoblastic differentiation [5] . Similarly, IL-13, in addition to inhibiting macrophage activity, has been shown to increase osteoprotegerin expression that serves to inhibit osteoclastogenesis [19] . Its role during the early stages of HO is unknown. We believe the initial signaling process for HO development begins shortly after, if not simultaneously with, the initial injury once the host begins to respond to the insult. As such, our analysis of downstream mediators of inflammation was done to characterize the inflammatory state of the host rather than to identify potential therapeutic targets.
The cytokine profile of wounds that failed is less clear. Although we observed an association between wound failure and elevated serum ProCT and effluent IL-6 at the final débridement, the results should be interpreted with caution. Nevertheless, these results are similar to those of a previous study in which we observed that ProCT, measured in the serum and the effluent, and IL-13 were associated with wound failure in combat injuries [8] . These data suggest wound failure is associated with a persistent inflammatory state. This was suggested previously [11] and is evidenced by higher concentrations of serum ProCT, a relatively late-stage inflammatory mediator, and effluent IL-6, an acute phase mediator, that were persistent until the final stages of the débridement process.
This study showed unique local and systemic inflammatory profiles associated with untoward wound outcomes in combat wounds. Local and systemic inflammatory data are attractive as promising future tools for the clinician, as they can be assessed intraoperatively, and the analyses performed in the current study could be reliably available the same day or by the time of the patient's next return to the operating room, 24 to 72 hours later. There is of considerable interest in developing models that will codify these data while combining them with injury-specific and demographic information to provide usable information for surgeons. However, future efforts geared toward modeling these data must account for their complex, time-dependent, and nonlinear nature.
